This paper considers the effect of choice of actuator technology and associated power systems architecture on the mass cost and power consumption of implementing active flow control systems on civil transport aircraft. The research method is based on the use of a mass model that includes a mass due to systems hardware and a mass due to the system energy usage. An A320 aircraft wing is used as a case study application. The mass model parameters are based on first principle physical analysis of electric and pneumatic power systems combined with empirical data on system hardware from existing equipment suppliers. Flow control methods include direct fluidic, electromechanical-fluidic and electro-fluidic actuator technologies. The mass cost of electrical power distribution is shown to be considerably less than that for pneumatic systems, however this advantage is reduced by the requirement for relatively heavy electrical power management and conversion systems. A trade exists between system power efficiency and the system hardware mass required to achieve this efficiency. For short duration operation the flow control solution is driven towards lighter, less power efficient systems, whereas for long duration operation there is benefit in considering heavier but more efficient systems. It is estimated that a practical electromechanicalfluidic system for flow separation control may have a mass up to 40% of the slat mass for a leading edge application and 5% of flap mass for a trailing edge application. 
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I. Introduction
Whilst there has been some progress towards identifying suitable fluidic actuator concepts for application on commercial transport aircraft, there is still considerable uncertainty as to the nature of the systems architectures that are needed to support the generation, management and distribution of power to these actuators. In particular, the choice between distributing power electrically or pneumatically is still an open question, despite significant historical development of boundary layer control (BLC) technologies using compressed air [1] and progress towards the development of the More Electric Aircraft (MEA) [2] .
For pneumatic flow control technologies, compressed air is needed at the point of delivery at the actuator hence direct bleed of compressed air from an engine initially appears to provide a very competitive power option. However, there are issues in that the amount of bleed air available is correlated with the engine throttle setting, which may severely limit bleed availability at low throttle conditions, e.g. landing.
Furthermore, the pipe work required for ducting compressed air is relatively heavy compared to a system for delivering the same amount of power electrically, and there is significant maintenance costs associated with pressurized systems with many joints.
For electric solutions, an engine mounted generator is used to generate electrical power which is then distributed using wires. However, electrical power has to be converted back into the fluidic domain at the actuator through some form of electromechanical-fluidic transduction. The additional conversion steps involved in electrical power generation and distribution for fluidic flow control actuators means that it takes considerable engineering effort to design electrical generation/distribution/conversion systems that match the mass efficiency of pneumatic-only systems. That said, mass reduction and efficiency of electrical machines and digital power systems continues to improve, whilst there seems little scope for similar improvement in pneumatic systems. Therefore, it is likely that the balance will shift further towards electric power generation and distribution for flow control systems in the future.
Traditionally civil transport aircraft have used hydraulic, electric and pneumatic systems to transmit power around the aircraft, with different choices for different service applications. However, in more recent designs including the production Boeing 787, the large majority of systems are electrically powered. The generation system is therefore of greater power capacity when compared to corresponding previous practice. For example, the engine driven generators of the 787 are of 1000kVA capacity, compared to the conventional power architecture Boeing 767 which has only 180kVA, but is comparable in terms of mission. Table 1 gives details of typical applications for each of these systems in an aircraft of conventional architecture. In the Boeing 787, which may be considered to be representative of some future designs, all of the applications identified here are electrically powered with the exception of engine intake anti-icing.
The purpose of the present work is specifically to allow meaningful comparisons to be made between different flow control (FC) § methods, in terms of mass cost and power consumption, for operation on § 'Flow Control (FC)' is used throughout in preference to 'Active Flow Control (AFC)'. A literature study reveals two different definitions of AFC, both of which have validity. In the first, 'active' refers to energy input commercial transport aircraft. Previous work [3] has established the design trades associated with application of a single type of electromechanical flow control actuator in the form of a synthetic jet actuator (SJA). The present study extends this work by considering a range of different FC actuator technologies and power generation and conversions architectures. The aerodynamic benefits of the different FC methods for specific applications, such as lift enhancement and drag reduction, are not considered in this study. The implementation of technologies that alter the efficiency of lift and drag generation is a highly non-linear problem. The authors note, as an example, the analysis of Ning and Kroo [4] . Their study compares the effect on drag of implementing winglets and wingtip extensions on a civil transport aircraft wing, in each case by presenting optimized overall wing designs which take advantage of the revised tip; a non-linear comparison. Crucially however, the basic system impact and design requirements are well known and the ability to evaluate the effect on performance is established;
to the system, such as use of a fluidic jet as opposed to a 'passive' vane vortex generator, which alters the system without additional input. In the second definition, 'active' refers to the use of the technology within a feedback control system, in that operation is in reaction to a sensor input. The use of FC allows wider discussion and the avoidance of confusion.
there can be a high degree of confidence that wing performance can be calculated. There is little empirical data or developed theory on the performance of flight standard FC systems.
Recognizing that this will be an issue for the foreseeable future, the present study focuses on providing information on the implementation costs of FC systems for where there is currently little reliable information.
This requires the assumption to be made in advance that these FC systems would be able to provide the required flow control benefit. By choosing appropriate case studies it is possible to compare the relative impacts of different strategies, while noting that the non-linear absolute impact of using any FC system would not be fully captured. The conclusions drawn in terms of trends however, remain valid.
II. Flow Control Systems Architectures

A. Overview
In order to aid meaningful comparison of different FC systems, it is useful to define the overall systems architectures required to support FC integration into civil transport aircraft. For the present study, the reference aircraft is the Airbus A320 civil transport aircraft. The overall aircraft power systems architecture is a series of interacting systems, comprising of power generation systems, power transformation systems, power distribution systems and power consuming systems [5, 6] . These different systems are interconnected via exchanged energy, e.g. fuel, electric, hydraulic, pneumatic, mechanical and thermal energy.
It is proposed to classify FC systems architectures in a similar manner to the aircraft power systems architecture. For the present work, 'architecture' is defined as the combination of an actuator technology and the means of delivering power to it. A FC systems architecture specifically consists of generation, management, distribution and actuator systems. Energy exchanges or transduction occurs at the start (generation) and end (actuator) of the power distribution system. The actuator type is a given a priori and thus consideration of the different actuator systems will allow for different distribution systems to be defined. Table 2 provides a summary of the main FC actuators considered. The actuators are defined in terms of three characteristics:
B. Actuator Systems
1. Transduction -the process by which the actuator transforms and delivers energy to an external flow 2. Topology -the shape and orientation of the actuator interface with an external flow 3. Mechanism -the means by which the actuator output interacts with an external flow In quantitative terms, the typical application of a FC system can be defined according to the actuator authority, which is based on the ratio of actuator output velocity to the local free stream velocity. High authority implies a velocity ratio of around 1, as required for flow separation control applications; low authority is defined by a velocity ratio <<1, as used for transition control and skin friction drag reduction.
Air Jet Actuator
Air jet actuators comprise a class of devices that impart control through injection of high momentum fluid into an external flow. A distinction may be made between 'high authority' blowing systems which seek to directly modify the circulation round a lifting body usually though tangential injection and 'low authority' blowing systems which seek to reduce the effects of flow separation by enhancing boundary layer mixing. The present study focuses on the use of pulsed air jet vortex generators or pulsed jet actuators (PJA) [10] . Data used here are from that given by Warsop et al. [7] . The actuator device is designed to generate streamwise vortices in the boundary layer with a high velocity (200-300m/s) jet of air modulated by operation of a piezoelectric microvalve. The energy efficiency of the air jet actuator is estimated to be around 40%, with most of the losses due to the sudden contraction experienced by the flow moving into the actuator plenum [11] .
Synthetic Jet Actuator
Synthetic jet actuators (SJA) are a subset of air jet actuators that use an oscillating mechanical element in a cavity to produce a net momentum flux in an external flow by a process similar to acoustic streaming [12, 13, 14] . Like air jet actuators, SJAs seek to control flow separation by enhancing boundary layer mixing.
Example applications of SJA separation control include airfoils and bluff bodies [15, 16] . Current generation SJAs driven by commercial polycrystalline piezoelectric (PZT) diaphragms can achieve reasonably high levels of authority (peak velocity of 150m/s), with an electrical-to-fluidic power conversion efficiency of around 10% [3] . Polycrystalline PZT has an electrical-to-mechanical energy conversion efficiency of around 40%, whereas single crystal PZT has an equivalent efficiency of 80% [17] . Thus it could be expected that actuator efficiency and authority could be doubled by use of bespoke single crystal PZT diaphragms in the existing actuator designs.
Membrane Actuator
As an alternative configuration to the SJA, the oscillating mechanical element can be a flexible part of the wetted surface, leading to the concept of an active surface or membrane actuator [8, 18, 19] . The impedance mismatch at the actuator-air interface typically limits the achievable peak velocity output to a few meters per second for practical devices. However, for applications such as transition control, the required actuator velocity is only a few meters per second even at cruise Mach numbers; low velocity disturbances are required to damp out the Tollmien-Schlichting (TS) waves. Therefore, the low authority of integral surface devices in absolute terms may not be an issue.
Methods of actuating the membrane include mechanical displacement via the use of a loudspeaker and connecting rod [19, 20] and fluidic displacement via a pressurized air chamber [21] . The former requires high maintenance and is practically unrealistic for aircraft application, while the latter requires a separate air supply and ducting. A MEMS-based device [8] offers a viable alternative and is used as the reference membrane actuator in this study. The device consists of a surface silicon membrane that amplifies the displacement generated by a piezoceramic disc. The PZT material has an electromechanical coupling factor of 0.7. With transmission losses, a power conversion efficiency of 60% can be expected. It has been shown that the actuator is capable of influencing TS wave specific frequencies between 2.5kHz and 7.4kHz at Mach 0.33 to delay transition [22] .
Plasma Actuator
These devices produce fluidic actuation by ionization and subsequent acceleration of the air local to the actuator. This transduction process tends to be very inefficient, e.g. less than 0.1% electrical-to-fluidic energy conversion efficiency [9] , with most of the supplied energy dissipated as heat as a result of the ionization process rather than fluidic kinetic energy. Practically, actuator authority is relatively low, e.g. peak velocities of the order of a few meters per second. This makes plasma actuators a potential candidate technology for applications such as turbulent skin friction drag reduction. Previous work has shown that surface plasma actuators applied in a turbulent boundary layer are capable of achieving drag reductions of up to 45% [23] .
Plasma actuators have a unique advantage in that the transduction process requires no moving parts, which is significant from a maintenance point of view. Additionally, the actuators can be manufactured to be very thin meaning that retrofit on existing aircraft skins is possible without major structural redesign. Moreau [9] provides a recent review of the literature on plasma actuators. The reference actuator considered is the surface dielectric barrier discharge (DBD) plasma actuator [24, 25] , which consists of two thin aluminum foil electrodes flush mounted across a Plexiglas (PMMA) dielectric layer.
C. Power Distribution Systems
A true appreciation of the costs of a proposed FC actuator can only be gained by considering how energy supply to the actuator may be achieved within the framework of the aircraft's existing power systems architecture. Fig. 1 shows the different energy pathways available for the range of FC technologies considered. The domain of interest covers the overall process of converting chemical energy from fuel into useful fluid power delivered by a FC actuator. It is noted that the gas turbine power plants may provide a source of compressed air via the bleed system in addition to electrical power via the integrated drive generators (IDG). A third possible storage and initial transduction mechanism is the use of fuel cells (either alone or in conjunction with a gas turbine in a hybrid system) for electrical power generation. Although this
has not yet been implemented on a production aircraft, the use of such technology in order to replace the auxiliary power unit (APU) in future designs has been considered, with the benefit that water produced as a waste product may be used by the cabin systems [26] .
Figure 1 Flow control systems architectures
The key system in terms of overall aircraft design is the distribution system, which connects the generation system to the actuator system. The distribution system may be pneumatic, electric or some combination of the two. It is worth noting that power distribution systems will already be present on the aircraft and these will give an indication of the likely system design parameters and certification requirements for the FC distribution system, and the possibility of deriving synergistic benefits from its shared use.
Pneumatic distribution gives rise to direct bleed based flow control in which compressed air can be used to directly power air jet actuators. Hot bleed air piped from the engine off-take requires power management in the form of precooling before passage to the actuator plenums.
Electric distribution is required for SJAs, membrane actuators and plasma actuators. Before electrical power can be distributed from the IDG to the actuators, it needs to be regulated, conditioned, and if necessary, converted. This is the function of the power management system, of which a detailed overview is given in [27] . The IDG for an Airbus A320 supplies 115VAC, 400Hz, three-phase power. The advantage of running the electrical system at 400Hz rather than 50/60Hz is that the power generation systems are smaller and lighter. As a result, FC actuator systems electronics must either be designed to operate with a 400Hz supply or the power must be converted to low frequency, single phase supply. While many aircraft electrical loads can run directly from high-frequency 3-phase supply, FC actuators will require dedicated power electronics.
In this study, the power management system comprises:
Generator control unit (GCU) -regulates supply voltage and frequency
Electronic load control unit (ELCU) -trip devices that provide electrical load protection
Transformer rectifier unit (TRU) -converts 3-phase 115VAC to 28VDC for FC electronics
Power amplifiers and high voltage (HV) power transformers
An alternative is a hybrid approach that utilizes both electric and pneumatic distribution. This solution uses one or more electrically driven air compressors to generate compressed air locally to the FC actuators. The actuators themselves are identical to those considered for pneumatic systems (i.e. air jet actuators). The advantage over native pneumatic systems is that engine bleed air is not required and therefore it may be possible to provide the required flow control effectiveness at low engine throttle settings, assuming that generator power is available.
It may be argued that the length and therefore mass of piping required in the hybrid approach may be reduced by utilizing several electrical compressors to source air locally to the actuators, rather than a single centralized compressor. This advantage would only come to fruition, if (under the assumption that the relative mass costs are less for electrical distribution compared to pneumatic distribution), the piping is eliminated completely by performing transduction to fluidic power at the point of actuation, i.e. equipping each air jet actuator with its own compressor for air supply. This architecture would be similar to the distributed EMF and EF architectures associated with SJAs/membrane actuators and plasma actuators respectively. The problem with this approach however is that, in common with electrical machinery, compressor mechanical efficiency scales with physical size, as shown in Table 3 . Efficiency is approximately 5% at the scale required to utilize a high compressor-to-actuator ratio, compared to 85% by utilizing a centralized, 'macro-scale' compressor. The efficiency of using a compressor at 'micro-scale' is approximately half that associated with SJAs for high authority flow control. For this reason, the 'hybrid' architecture in the present study is considered in terms of a single, centralized electrical air compressor. 
D. Section Summary
From this work it is possible to identify five distinct FC systems architectures, as summarized in Table 4 . For simplicity, each architecture is referred to by the ID number from hereon. 
III. Research Methodology
A. System Modeling Approach Requirements
The type of model used has a significant effect on the type of questions that the model can be used to answer. A requirement of this work was that the model could be used to understand the effect of using different FC architectures on the overall system mass. This lead to the choice of a low order, largely physics based modeling approach which is not necessarily very accurate, but is fast and transparent [3] . This approach is sufficient to make informed choices between competing architectures for a given application, with the expectation that this choice is followed up with more engineering analysis using higher order models at a later stage.
B. Flow Control System Mass Model
The mass model used for the present work is illustrated by the schematic in W F represents the fluidic output power of the FC system from an array of FC actuators and η is the overall power efficiency of that system. Changing power efficiency has two different effects in the mass model. The primary effect is that by increasing efficiency, the overall power flow through the system is reduced (first term on the RHS in Equation 1), and everything else remaining equal, the overall system mass decreases.
However, it is important to understand how this efficiency is achieved, since typically there is a trade between system power specific mass and the efficiency (more power efficient systems typically require more advanced technology and/or higher specification components which are typically heavier). To account for this, the mass model allows the power specific masses to be functions of efficiency. To illustrate the implications of this, Fig. 3 shows how the overall mass cost of a FC system varies with the duration of operation of the system for two different power efficiencies. For short duration operation, minimum mass will typically be driven by using lighter but less efficient systems, whereas for long duration operation the minimum mass solution will be obtained by more efficient but heavier systems. The FC system duration of operation will have implications for aircraft integration, depending on the portion of the flight mission in which the system is to be operated, e.g. cruise (on-design) or landing/take-off (typically off-design). The A320 is a relatively short range aircraft (2500nm) and the cruise phase typically represents 60 per cent of the overall flight mission. The major FC application here is cruise drag reduction, which typically requires large numbers of low authority actuators operating for extended periods of time. As such, energy optimization is a key driver for FC systems operating for long durations. The off-design portion of the flight consists of take-off and landing and typically represents less than 10 per cent of an overall flight mission. The major FC application is separation control, which typically requires span wise arrays of high authority actuators operating for relatively short durations. Power optimization is the key driver for such systems.
C. Method
The model introduced and used in [3] for the consideration of a single type of FC actuator has been expanded in this study to include a number of different FC architectures, which requires the consideration of different power sources, distribution systems and actuator technologies described in Chapter II.
The mass, power rating and efficiency associated with generation, management and distribution systems hardware were estimated using engineering equipment supplier information in the public domain, e.g. aircraft onboard equipment such as engine electric generators, high pressure pipes, wiring and amplifiers (see Appendix I for a more detailed overview). Estimates of the mass, power and efficiency of the FC actuators were made based on existing laboratory technology. To compare the mass costs for different methods of power distribution, analytical physics of pipe/wire theory is coupled with the engineering constraints of integrating these distribution systems into an A320 aircraft. Detailed derivations of the power distribution theory and assumptions on the systems data and constraints are given in Appendix II.
The systems hardware data is required to evaluate the power specific mass, m w for each system. The overall power specific mass permits relative comparisons between different FC systems architectures in terms of systems mass per unit power flow through the system (kg/kW). Power specific mass is also an input parameter of the mass model ( Fig. 2) , permitting absolute values of overall system mass and power consumption for different FC systems architectures to be calculated at aircraft full-scale.
D. Case Study Analysis
Case study analyses for the integration of different FC systems architectures on an A320 aircraft (Fig. 4) wing were carried out for the purpose of generating understanding of how the flight conditions, FC location and FC actuator authority affect the overall systems architecture mass and power requirements. Each of these criteria forms inputs to the mass model (Fig. 2) . Coupled with these is an additional input for the energy usage associated with the mass of fuel used during operation of the FC system. Three different flow control case study scenarios were considered: transition control, skin friction drag reduction and separation control. For each of these, one or more FC systems architectures (ID #2 to #5, from Table 4 ) were analyzed. The case study scenarios were developed based around high-speed (cruise) and low-speed (take-off and landing) flight conditions, as defined in [3] . Chord wise location and span wise extent of FC actuator arrays for the slat, flap and wing main element and the related operating duration are also the same as those defined in [3] . The power requirement of a specific FC actuator application depends on the local flow conditions. The actuator layout and equations for the power delivery from each FC actuator system have been derived, as shown in Appendix III.
To place the quantitative outputs of the case studies into context, FC system power consumption is represented as a percentage of the available power supplied from a single engine generator. The drag cost associated with this power off-take is, for cruise flight FC applications, represented as a percentage of the A320 cruise drag (estimated from an assumed lift-to-drag ratio of 18 in the 'clean' configuration). Overall mass for FC systems applied on the main element are represented as a percentage of the A320 maximum take-off weight (MTOW). For slat and flap applications, FC system mass is represented as a percentage of the slat and flap mass respectively. Slat and flap mass were calculated according to an empirical method [31] coupled with slat and flap configuration data [32] , yielding values of 405kg and 638kg respectively.
A number of important assumptions are made for each case study analysis:
Each case study only takes into account the cost of FC implementation (mass, power consumption and drag penalty). The impact benefits such as reduced drag and increased maximum lift are not considered.
Given that all the present case study analyses are considered for aircraft wing application, the reference length for distribution lines (i.e. pipes and wires) is based on the A320 wingspan, i.e. 34m.
Redundancy is not accounted for in the present study in that only single power sources and single lanes of pipes and wires are considered. This will not affect evaluation of the overall system power specific masses, but it will have an impact on absolute values of overall mass and power consumption subject to the levels of redundancy that would be required to satisfy system certification.
Thermal management of electrically powered systems is not accounted for in the present study. However, in some instances, cooling forms an integrated part of the component, e.g. use of heat sinks.
Since the energy losses for each FC systems architecture are dominated by losses in the actuator transduction process, it was decided for reasons of simplicity to set all power efficiency terms apart from the actuator efficiency to unity. This is a reasonable assumption given that:
− Aircraft engine generator (IDG) and electrically-driven compressor efficiencies ~85%
− GCU and TRU systems efficiencies ~95%; power amplifier efficiencies ~75-80%
− Pneumatic pipe and electric cable efficiencies ~85% and ~99% respectively As such, the overall power efficiency of the system, η, which is required to calculate the overall system mass (Equation 1), is equal to the actuator efficiency.
For architecture #2, pulsed jet operation is considered for the actuation system. The duty cycle, representing the ratio of the jet time 'on' to time 'off' typically varies between 10% and 50% [7] . A duty cycle of 25% is assumed in this study.
For architecture #3, it is assumed that SJAs are capable of achieving sonic output velocities to meet a target velocity ratio of 1 for high authority separation control applications.
A sensitivity analysis was conducted to investigate the variation of the systems architecture overall mass and power consumption with variation in overall system (actuator) power efficiency. The effect of a 10% uncertainty in overall efficiency was considered for each systems architecture. Table 5 summarizes the sensitivity analysis in terms of the uncertainty generated in overall mass and power consumption for the different architectures. Power consumption scales directly with system efficiency (first term on the RHS in Equation 1 ) and therefore a 10% increase in overall efficiency results in a 10% reduction in the overall power required by the FC system. The overall system mass also reduces by 10%, plus a smaller gain as shown in Table 5 due to the relatively reduced actuator mass (recall that the mass model allows power specific masses to be functions of efficiency and therefore for this study, the actuator power specific mass will also vary by 10%). A 10% uncertainty in overall system power efficiency yields variations in the overall system mass between 10% and 12% for the different architectures. 3 10% ± 1% ± 12.2% ± 10% 4 60% ± 6% ± 10.3% ± 10% 5 0.1% ± 0.01% ± 10.2% ± 10%
IV. Results
A. Comparison of Different Power Distribution Methods
A comparison of the mass costs of electric and pneumatic distribution as a function of transmitted power is presented in Fig. 5a . Scatter arises in the data from the use of commercially sourced pipes and wires that are only available in discrete sizes. The mass cost of hydraulic distribution is also included for reference given their extensive use on commercial aircraft.
The results show that there is a large difference in the mass costs associated with different distribution systems, especially for transmission of relatively low power. The mass cost of transmitting 5kW of power pneumatically is approximately two orders of magnitude greater than doing so electrically. This disparity reduces with increasing power transmitted. For example, the ratio of mass costs between electric, hydraulic and pneumatic distribution at 10kW is approximately 1:8:35 and at 50kW, the ratio is 1:3:9. For electric distribution, the mass cost increases with power transmitted. This is due to the weight of the copper wire increasing (for a higher current carrying capacity) at a faster rate than the power that can be transmitted.
Hydraulic and pneumatic distribution show reducing mass cost trends with power transmitted. For pneumatic distribution, wall thickness is fixed (constrained by maximum bleed pressure of the system, as detailed in Appendix II) hence increasing internal pipe diameter improves power transmission relative to pipe mass.
Variation of distribution efficiency with power transmission type is shown in Fig. 5b . All power losses used to evaluate efficiency are scaled on a distribution length equivalent to the A320 wing span. The efficiencies for all methods of distribution are relatively high, and increase with the amount of power transmitted. To transmit high power electrically, a bundle of smaller cables is a more mass efficient approach compared to using a single large cable due to practical issues of insulation and heat transfer. For pneumatic distribution, it is more mass efficient to use the largest diameter pipe that can be accommodated in a given volume. Results from this study show that electrical power distribution has clear benefits over pneumatic power distribution for FC applications in terms of reduced mass, higher overall efficiency and reduced installed volume for the same power transmitted. These findings are consistent with the perceived move towards the MEA concept. In particular, decentralization of pneumatic FC systems is in line with future expectations for decentralization of fluidic systems. For example, existing hydraulic systems utilizing a single centralized pump and hydraulic pipes are proposed to be replaced with electric wires and localized pumps in the form of electrohydrostatic actuators close to the point of application, e.g. flight control surfaces [33] .
B. Mass Cost Analysis of Flow Control Systems Architectures
A key output of this work is to understand the relative mass costs of power generation, management, distribution and actuation for the different FC systems architectures. Figure 6 compares the relative system mass costs pertaining to each system architecture (ID defined in Table 4 ). The power specific mass for the native pneumatic system (architecture #1) is estimated to be 5kg/kW. That is, 5kg of system hardware required per 1kW of power flow through that system. To consider the system as fully pneumatic, continuous blowing is assumed such that electrically operated pulsed microvalves need not be considered. Of the overall power specific mass, approximately 95% of the mass cost is due to distributing air from the engine bleed manifold to the actuator orifice exits. In comparison, the mass costs of generating and managing the bleed air combined with actuation (as continuous blowing is assumed, the actuator elements consist of very simple passive plenum/nozzle devices) is relatively small (5%).
For the hybrid system (architecture #2), the overall power specific mass cost is approximately 6kg/kW. As with architecture #1, continuous blowing is assumed and the largest mass cost is incurred in distribution (75% of the total mass cost). The higher overall systems mass cost relative to architecture #1 is due to the power generation system, which encompasses the electrically driven air compressor in addition to the IDG. of the overall mass cost.
The power specific mass for the low authority EMF system (architecture #4) is just over 1kg/kW (1.1kg/kW).
The system cost is the lowest of all the FC systems architectures considered. Mass costs of generation, management and distribution are identical to those for architecture #3. By comparison, the mass cost of actuation is smaller due to the combination of a much smaller actuator mass and larger power rating (Appendix I).
Finally, Fig. 6 shows that the overall power specific mass for the electro-fluidic system (architecture #5) is 1.4kg/kW. This value is comparable to the other electrically-based systems architectures (#3 and #4). By comparison, there is a larger mass penalty to pay in power management for transforming the aircraft supply voltage to a higher level. This penalty is offset, however, by the lower mass costs associated with distributing high voltages (tens of kilovolts), since this reduces the current-carrying capacity and hence mass of wire needed. Fig. 6 shows that architecture #5 has a lower distribution cost than architectures #3 and #4.
Architecture #5 also has the lowest actuation mass cost by virtue of the thin sheet nature of the dielectric layer and plasma electrodes.
Existing systems and components inherent to commercial aircraft typically have values of power specific mass less than 1kg/kW. Examples for an A320 include the APU (Honeywell GTCP 36-300A; 140kg, 291kW) = 0.48kg/kW, IDG (Sundstrand 90kVA; 61kg; 90kW) = 0.68kg/kW and fuel boost compressor (Eaton; 9.1kg; 10kW) = 0.91kg/kW. Clearly there is benefit to be gained in reducing the overall power specific mass of a system in order to reduce absolute mass costs and existing practice would suggest a target power specific mass kg/kW ~ O(0.1) for FC systems. Fig. 6 shows that each FC architecture has overall power specific masses of an order of magnitude greater than existing aircraft systems, although those for architectures #3, #4 and #5 are at unity. On this evidence, electrical power distribution presents the most competitive mass cost option for FC systems architecture integration on civil transport aircraft.
C. A320 Flow Control Case Studies
Overview
Results of three different FC case study scenarios are presented in each of the subsequent sections. Mass breakdown and power off-take of the systems architectures are presented for each case. In addition, drag costs associated with the system power off-take for cruise flight FC applications (transition control and skin friction drag reduction) are included.
Laminar-Turbulent Transition Control: Systems Architecture #4
Fig . 7 shows the mass breakdown of systems architecture #4 for transition control via the use of membrane actuators. The total systems architecture mass is approximately 10kg, which is equivalent to 0.01% of A320
MTOW. One fifth of this is taken up by the fuel mass required for the duration of operation of the FC system. Table 6 shows the associated systems architecture power off-take and drag cost. The drag cost establishes the minimum performance benefit necessary from the FC actuators in order for the overall systems architecture to break even, i.e. the point at which further improvements in performance can start to have a positive effect on the overall aircraft. Power off-take is equivalent to 6kW or 7% of power supplied from an IDG off a single engine. The drag cost is 24N or 0.06% of the A320 cruise drag.
A point to note is that the A320 wing is a swept wing with cross flow (CF), as well as Tollmien-Schlichting (TS) waves dominated transition. Additionally, the transition location for this (turbulent) wing occurs at approximately 5% of the chord length. Therefore, successful application of this system would realistically require operation on a low sweep (laminar) wing or operation on the existing swept wing with suction at the wing leading edge to suppress CF instabilities [16] . The latter, of course, would bring in additional requirements for vacuum pumps and pneumatic pipes. The geometry of a practical plasma actuator is defined in detail in Appendix III. Fig. 8a shows that an array of plasma actuators (750 in total), each with a mean chord wise electrode length of 1m, would cover approximately 32% of the A320 wing upper surface. This level of coverage equates to a total system mass of 429kg (Fig. 8b) . The power consumption associated with this area coverage is in excess of what can be provided on an A320. For a 1m mean chord wise electrode length, the power consumption is almost 300kW (Fig. 8c) , which is equivalent to the power supplied from three IDGs. Fig. 9 shows the mass breakdown of systems architecture #5 for skin friction drag reduction using plasma actuators with a 1m chord wise electrode length. The total systems architecture mass is approximately 430kg, equivalent to 0.55% MTOW. This system mass is split almost evenly between power generation and management systems. In addition, there is a high fuel cost (~85kg) associated with the operation of this system. The high systems mass cost is due to the inefficient transduction process relative to other actuator technologies (plasma actuators with 0.1% electrical-to-fluidic energy conversion efficiency). Table 7 shows the associated systems architecture power off-take and drag cost. Power off-take is equivalent to 291kW or 323% of power supplied from a single IDG and the drag cost is 1097N or 2.6% of cruise drag. Figure 9 Mass breakdown of systems architecture #5 for skin friction drag reduction Table 7 Systems architecture #5 power off-take and drag cost for skin friction drag reduction 30kg, equivalent to 4% of the A320 flap mass. For both applications, the major contributor in mass costs is power distribution, which represents at least 40% of the overall systems architecture mass. Table 8 shows the associated systems architecture power off-take for both applications. Power off-take is Table 8 Systems architecture #2 power off-take for separation control architecture #2 compared to 1kg of cables for architecture #3. Table 9 shows systems power off-take associated with architecture #3. The power required for the slat is Table 9 Systems architecture #3 power off-take for separation control results show that a single engine generator would be required to power architecture #3 for slat separation control. The power costs for architecture #3 are at least four times higher than those for architecture #2. It is noted that the power required for operation of architecture #3 at the flap is comparable to that required for architecture #2 at the slat. The driver for this disparity is the low power conversion efficiency associated with the transduction process in a SJA (10% efficiency).
Separation Control: Systems Architectures #2 & #3
Overall Flight Mission: All-Electric Flow Control
To present a wider overview of the impact of FC systems architectures on a civil transport aircraft, a typical mission profile of an A320 is considered with integrated FC operation during take-off, cruise and landing. The FC mass profile in Fig. 12a shows that the fixed mass of these architectures makes up a combined total of 343kg, with an additional 50kg of fuel used to supply the required power during FC operation. Note that a) Fixed (system) and variable (fuel) FC mass for a typical A320 mission b) FC power profile for a typical A320 mission the systems mass of architecture #5 assumes a mean electrode chord wise length of 0.5m, which is equivalent to 18% wing surface area coverage.
To put this value into context, the total mass is equivalent to 0.6% MTOW or 40% of the combined mass of the slat and flap. The fuel mass required is equivalent to 16 (US liquid) gallons of kerosene. This can be compared to the total amount of aircraft fuel used for the flight mission, as determined from Equation 2 [34] (2)
Where E represents energy usage (gallons of fuel), H is the number of airborne hours, V is the average aircraft speed, S is the number of aircraft seats and SMPG is the seat-miles per gallon. For the 150-seater Airbus A320, which has an average speed of 400mph and a SMPG of 70.2 [34] , a 2 hour flight consumes 1700 gallons of fuel. The fuel used by the FC systems is 1% of the fuel consumed by the aircraft.
The power profile in Fig. 12b illustrates the time-dependent power consumption for FC operation during the flight mission. In this example, the application of architecture #3 is considered solely for LE separation control (slat) during take-off and TE separation control (flap) during landing. The power peak during take-off is close to the maximum available power from a single IDG. Consequently, the provision of power for LE and TE flow control during take-off would require additional power to be supplied from the second IDG. For a mean plasma electrode chord wise length of 0.25m for architecture #5 (9% wing area coverage), the power demands for cruise FC applications and take-off separation control are both comparable.
Given the time-dependent nature of the power profile, it is possible to evaluate total energy usage associated with FC operation. The issue of energy efficiency is a key driver for FC systems operating over long durations, such as cruise flight. The FC energy use during cruise varies from 25MJ (architecture #4) to 600MJ (architecture #4 and #5 with 18% wing coverage). In comparison, the total FC energy use during take-off and landing is 20MJ. Put into context, the kinetic energy of a fully loaded A320 cruising at 550mph is equivalent to 2500MJ. Therefore, FC energy use in cruise varies from 1% to 25% of the aircraft cruise kinetic energy. The upper bound represents a significant portion of the total energy and is due to the relatively inefficient actuators utilized in architecture #5 for skin friction drag reduction.
SMPG HVS E =
V. Conclusions
This paper has considered the effect of choice of actuator technology and associated power systems architecture on the mass cost of implementing active flow control (FC) systems on civil transport aircraft. The research method employed is based on the use of a simple systems mass model that includes a mass term due to systems hardware (pertaining to generation, management, distribution and actuation systems) and a mass term due to the system energy usage (mass of fuel used during FC operation).
The study has involved (a) first principles physical analysis of electric, pneumatic and hydraulic power distribution systems, combined with (b) collecting hardware data from existing equipment suppliers for the FC systems architectures considered (FC actuator technologies include air jet actuators, synthetic jet actuators, membrane actuators and plasma actuators), and (c) application of FC systems architectures for various flow control case study scenarios on an A320 civil transport aircraft.
Specific conclusions from the top-level FC systems architectures study are as follows:
1. A trade exists between system power efficiency and the system hardware mass required to achieve this efficiency. For short duration operation the solution is driven towards lighter, less efficient systems, whereas for long duration operation there is benefit in considering heavier but more efficient systems.
2. A sensitivity analysis shows that a 10% variation in the actuator power efficiency in a FC systems architecture will result in a 10% variation in overall power consumption and a 10% to 12% variation in overall system mass, dependent on the specific architecture. As such, the actuator power efficiency is critical in driving the mass efficiency of the overall system.
3. The mass cost of electric power distribution is shown to be considerably less than that for pneumatic systems (up to two orders of magnitude smaller), with added benefits of higher efficiency and smaller volume installation requirements for a given level of power transmission. However, this advantage is reduced by the requirement for relatively heavy electrical power management systems.
4. Systems architectures utilizing power distributed electromechanical-fluidic actuators with overall power specific masses of unity, which is similar to the power specific mass of existing systems inherent to commercial aircraft, are currently the most competitive FC solutions from a mass cost perspective.
Appendix I. Flow Control Systems Hardware Data
A summary of the engineering equipment supplier information used to evaluate power specific masses of hardware for FC systems architectures is shown in Table 10 . Note that calculating the generation power specific mass for systems architecture #1 requires apportioning the compressor mass as a fraction of the engine dry mass, based on the fraction of bleed air compared to engine core mass flow. Reference data for the applicable engine (CFM56-5B) mass, total engine inlet airflow and bypass ratio were obtained from [36] . Variations in throttle settings during take-off and landing will affect the bleed air mass and hence the effective generation mass. At take-off power, the maximum permissible bleed extraction from the compressor is 7 per cent of the core airflow [37] . Maximum bleed at landing is assumed to be half of that at take-off.
Appendix II. Power Distribution Systems
A. Theory
Power is distributed around an aircraft primarily in three ways: electrically, hydraulically and pneumatically.
Traditionally, civil transport aircraft have used all of these methods, with different choices for different service applications. The choice of power distribution will typically depend on the peak power requirement of the application, the available space (volume) between the source and point of application and the mass cost of distributing power to that application. The following analysis introduces a low order method for estimating the power specific mass of electric, hydraulic and pneumatic power distribution systems for aircraft applications. (4) Where P is the fluidic pressure, U is the pipe flow velocity, A is the pipe cross-sectional area (based on the internal diameter) and ρ is the fluid density. For power distribution applications, the pressure power is typically much larger than the flow power and, therefore, the latter can be ignored. For a given pipe material with a given mass per unit length, m d /L, the power specific mass per unit length, m' wd , or the mass cost required to deliver a unit of power along a unit length of pipe can be defined as 
Where f is the friction factor, L is the pipe length and D i is the internal diameter of the pipe. An approximation for the friction factor based on the Prandtl law for smooth pipes [38] is given by Equation 9 10 4 <Re<10 7 (9) For electrical power distribution, the electrical power, W E , transmitted through a wire is given by Equation 10 (10) Where V is the wire voltage and I the current passing through the wire. A given cable with a mass per unit length (based on the combined mass of the wire and insulation), will allow the power specific mass per unit length to be determined according to Equation 5 .
For a given wire length, the distribution efficiency, η d , can be determined from the power loss based on the voltage drop down the wire (analogous to the pressure drop down a pipe). The voltage drop due to resistance, ∆V, down a wire is given by Equation 11 (11) The equivalent power drop and efficiency are given in Equations 12 and 13 respectively (12) (13) Where R is the electrical resistance of the wire. Wire manufacturers typically quote the resistance for a given conducting material in terms of a resistance per unit length, R/L.
B. Engineering Data and Constraints
Placed within the engineering constraints of a given aircraft, the derived power specific masses and efficiencies can be compared for each method of power distribution. Table 11 lists the specifications and
operating conditions associated with electric, hydraulic and pneumatic distribution systems on an Airbus A320. Assumptions for each system follow. Table 11 Aircraft power distribution data based on an A320 Electric Primary power generation is from two 90kVA (115VAC, 400Hz, three-phase) engine driven integrated drive generators (IDGs).
For a nominal system voltage of 115VAC, the maximum allowable voltage drop which may occur between the power bus and any unit of electric equipment is 4V for continuous operation and 8V for intermittent operation [39] .
To account for inhibited heat dissipation when multiple conductors are bundled together, as is the case for standard wiring, the maximum current carrying capacity is reduced to 80 per cent for 2-5 Pressure rating for the system is constrained by the engine-driven pumps (EDP) and electric pumps, which supply 3000psi. The maximum deliverable flow rate is 140l/min (by the EDP in the 'Green' system).
Flow velocity in the pipes is limited to 6m/s based on industrial practice [40] .
Range of tube diameters, D i and wall thickness, WT are:
2≤ D i ≤22mm and 0.5≤ WT ≤4.0mm.
Pneumatic
The pressure rating of the system depends on the bleed pressure of the engine offtake, which is subject to the aircraft flight condition. System rating for the A320 is assumed to be the same as that quoted by McLean et al [41] for the similar CFM56-7B power plant on the Boeing 737-700. At the landing flight condition, the bleed pressure is 36psi at a flow rate of 4lb/s. Corresponding bleed temperature is approximately 460K [42] . In addition to the above constraints, volume constraints within the aircraft must be taken into consideration.
The aircraft wing is the major end application for FC systems and for the present study, volume is constrained by what can be accommodated in the wing leading edge (LE). Based on evidence from pneumatic LE anti-ice systems, it is estimated that the maximum diameter of pipe or cable for power distribution should not exceed 50mm.
Appendix III. Layout and Power Delivery of Actuator Systems
A. Air Jet Actuators
The fluid mechanics underpinning pneumatic air jet actuator systems is based on empirical data on the performance of momentum injection devices used for separation control applications. This is also applicable for synthetic jet actuators (C.2). A simple dimensional analysis of the problem suggests that the interaction of a jet in a cross flow is defined by the following dimensionless parameters
Ratio of orifice diameter to local boundary layer height
Ratio of actuator span wise spacing to orifice diameter = λ = d l (15) Ratio of peak jet velocity to local free stream velocity
Empirical evidence for fluidic jets suggests that for both effectiveness and efficiency for flow separation control, typical values for the dimensionless parameters in Equations (14) to (16) are ∆ ≈ 0.2 [7] , λ ≈ 10 [42] and V R ≈ 1 [44, 45] . Fig. 13a shows the actuator layout and Fig. 13b the required coverage on the wing slat and flap surfaces for separation control. The mean fluid power delivered by a total of n actuators is, by definition, given by (17) Where ρ is the jet air density; A is the orifice area and 3 j U is the time average of the cube of the jet velocity.
The number n of actuators required for a given boundary layer height and span wise extent of array s A is given by (18) For steady jet operation, j j U U= . Therefore, the required fluid power for a given flow control application is given by (19) If the jet is pulsed, a duty cycle, τ is included (20) Mass flow rate and air-jet plenum pressure requirements are derived in [46] . The mass flow rate required is given by (21) The air-jet driving pressure is given as (22) Where P plenum is the plenum pressure; P 0 is the ambient pressure; k jet is the orifice efficiency (equivalent to η); M R is the ratio of peak jet to local free stream Mach number; M ∞ is the local free stream Mach number and γ is the gas constant (=1.4). The mass flow rate and air-jet plenum pressure can be used to size the distribution line (pipe area, A) of pneumatic-based FC systems for a given flow control application, according to (23) Where U is the pipe flow velocity, T is the fluid temperature in the pipe and R is the universal gas constant.
B. Synthetic Jet Actuators
The actuator layout for SJAs is the same as that given for the air jet actuator array (Fig. 13) . Assuming sinusoidal oscillation of the SJA diaphragm, the relationship between the time average jet velocity and peak jet velocity is given by 
C. Membrane Actuators
The mean mechanical power delivered by a total of n membrane actuators is, by definition, given by (26) Where F is the dynamic force of the active surface, given by (27) Where f, m and a are the oscillation frequency, mass and peak-to-peak displacement of the active surface respectively. Assuming sinusoidal oscillation of the active surface [ ] A single DBD actuator is made up of one air-exposed electrode and one insulated (ground) electrode mounted either side of a dielectric layer. The generation of span wise flow oscillations for drag reduction requires stream wise electrode alignment. The actuator geometry in Fig. 14a is defined by the electrode stream wise length l x , the air-exposed electrode span wise length l y , the insulated electrode span wise length il y , the dielectric layer span wise length dl y and the gap between successive electrodes, g.
D. Plasma Actuators
It is anticipated that the electrodes have to cover the entire surface over which skin friction drag reduction is desired, while avoiding areas with high levels of 3D flow (e.g. leading and trailing edges, wing-fuselage junction and wing tip). This would equate to a surface area coverage, per wing, of 44. Table 12 confirms the geometry of a plasma actuator for a practical aircraft application. The kinetic power induced by the plasma is similar to the jet flow displaced through discrete orifices, as associated with the systems described in C.2 and C.3. For this reason and according to [9] , the kinetic power For sinusoidal operation, the peak discharge velocity is related to the time-averaged velocity by Equation 24 .
Note that savings in system power and weight can be achieved by pulsed operation. The ratio of system overall mass (and power consumption) between sinusoidal and pulsed (25% duty cycle) operation is approximately 1.3:1.
For turbulent skin friction drag reduction, effectiveness requires the actuator velocity output to be of the order of the turbulent friction velocity, typically about 5% of the free stream velocity [47] . Hence, VR = 0.05 is assumed, which gives j Û ≈ 10m/s. The total number n of actuators for a given application is: Where s a is the span wise extent of the actuator array along the span of the wing and λ is the ratio of actuator span wise spacing (that is, the span wise spacing between successive air-exposed electrodes) to the span wise length of the air-exposed electrode, l y . Based on the layout of the actuator array (Figure 14 (32) 
